The design of mass diffusion columns operated with partition membranes, for the separation of light gaseous isotopes, is discussed. A theoretical analysis of experimental results obtained indicates that a good agreement between experimental results and theory is only obtained at low column pressures and moderate countercurrent flow rates. At fairly low countercurrent flow rates mixing effects due to viscous dragging and gas solubility by the condensate appear to be considerable whereas excessively high countercurrent flow rates, on the other hand, also seem undesirable. Some suggestions are proposed to obviate impairing effects at least to some extent.
The preceding paper 1 (Part I) dealt with a theoretical treatment of mass diffusion columns with particular emphasis on columns in which the countercurrent is facilitated by utilising a thin partition membrane of low permeability. This paper continues with a description of two laboratory columns, both containing membranes and designed according to principles developed in Part I. Experimental work, including a comparison of theory w r ith experimental results, is then described.
The same notation of symbols introduced in Part I, is used in this paper.
Design of Columns
According to the theoretical investigation it is necessary to design columns in such a way that the membrane divides the gas present in the column in approximately equal quantities. It is furthermore important that only a small fraction of the gas in the column diffuses into the vapour supply tube. The simplest way to evaluate suitable values for the membrane and vapour supply tube radii and for the vapour consumption rate to comply with these restrictions, is to consider the column to be of plane design. This assumption is permissible for all practical cases provided the eventual value of rjr2 for the column is larger than 0.5.
The equivalent of equation (10) for the plane case may analogously be derived from equation (7), and is given by 7 -7-2 ex p{ -uxjn D0l}
for E 1 (or NT^ 1), where x is the coordinate perpendicular to the condenser, with its origin on the condenser surface, as shown in Fig. 4 . Since u remains constant under stationary conditions, equa- 
where G is u/n D01 and y ', y", yv' and yY" (introduced below) are the mole fractions of gas on the sides of the partition membrane and the vapour supply tube, respectively. The distances a and b represent the width between the condenser and the membrane and the width between the membrane and the vapour supply respectively.
Direct application of the latter equations yields
7v"
where ( ecjuations (40) and (41) yield
Equation (42) The columns used in this investigation are shown in Figs. 5 and 6. They will subsequently be referred to as Column I and Column II respectively. Column I 2 was almost completely made from glass and was used for separation factor determinations at total reflux only. The radius r2 was 2.25 cm and it possessed an effective column length of 80 cm. Column II, on the other hand, was made of stainless steel and was utilised for both separation factor as well as separative power determinations. The radius of this column was 4.5 cm and its effective column length was 140 cm.
The partition membranes used in these columns were made of stainless steel gauze having 25,000 holes per cm 2 . The average diameter of the holes was 8 [4 and the membrane thickness was 0.01cm. The value of dj}. for these membranes was approximately 0.8 cm. Column I was supplied with a vapour supply tube containing 480 holes with an average radius of 1.1 mm. The holes were equally spaced in line around the circumference of the tube (16 holes per row with about 3 cm in between successive rows). This pattern of peri- odical arrangement of the holes was originally used by GVERDTSITELI et al. 3 , who attached some additional physical significance to such an array. Te tube radius was L55 cm and its (d/?.)v value approximately 6.4 cm. Column If was, however, fitted with a metal vapour supply tube in which the holes were drilled evenly distributed over the whole exterior surface of the tube, ft contained one hole per cm 2 with a diameter of 1.3 mm. The tube radius was 2.5 cm and its (d//.) v was about 12.4 cm. Using these data and accepting a tolerance of 0.1% for the ratio yv'/y-2, the appropriate values of <9, according to equation (42), are 0.88 and 0.454 cm^1 for the two columns respectively. For the separation of Ne isotopes, using water as working liquid, the u values are 1.63-10 -5 and 8.4-10~6 mol/cm 2 sec, respectively. The value used for D0l is that given in Table I . The corresponding boiling rates required in the columns were 20 and 36 ml liquid/min. For the above vapour consumption rates the membrane positions were calculated from equation (44). The value of rm eventually used for Column I, was slightly less (0.7 mm) than the calculated value, thus attempting to compensate for the thickness of the condensate film running down the condenser wall. The rm values used were 2 and 3.9 cm respectively. The widths of the upward streams were consequently two to three times the widths of the downward streams. For theoretical purposes the r2 value of Column t was subsequently taken as 2.2 cm.
It should be reminded that in the above treatment it was tacitly assumed that the flow of vapour through the partition membrane and the vapour supply wall takes place by a diffusion process only. In practice, however, small hydrodynamical pressure differences exist which obviously contribute to the flow of vapour through them. These combined phenomena presumably create larger gas pressure gradients across the partition membrane and vapour supply tube wall than that calculated assuming diffusional flow only, for the same vapour consumption. For limiting the fraction of gas diffusing back into the vapour supply tube this predicts a favourable effect. On the other hand, unfortunately, it means that a relatively larger fraction of the gas in the column is forced into the space between the partition membrane and the condenser. To eliminate this the membranes should be shifted closer to the condensers than the positions inferred by equation (44). This was, however, not accounted for in our columns.
Experimental Procedure
Although our columns were basically similar to those used by GVERDTSITELI et al. 3 they were operated quite differently, fnstead of using a fixed flow resistance in the tube combining the upward and downward streams at the top of the column and controlling the amount of auxiliary vapour additionally entering the lower part of the column in the space between the membrane and the vapour supply tube, in order to regulate the magnitude of the countercurrent, we proceeded as follows.
By means of a flow regulator in the countercurrent flow return tube (see Figs. 5 and 6), the flow rate of the countercurrent stream could be conveniently regulated and adjusted. It was further observed experimentally that the amount of additional vapour entering the upward stream has no significant influence on the performance of a column provided its ratio to the total vapour consumption in the column remains small. In Column I the auxiliary boiler was simply set at a slow boiling rate and was kept the same throughout all the experiments. In Column II, the metal tap which served to control the fraction of auxiliary vapour by-passed to the upward stream, was set at a small opening which also remained unaltered during experiments. For a constant boiling rate of the main boiler, no measurable variation of the vapour consumption was observed in experiments in which the flow rate of the countercurrent stream was varied.
Due to the large surface area of the partition membrane and the relatively low vapour consumption rate used in Column II, the pressure drop across its membrane was not sufficient to enable the high countercurrent flow rates required in this column. Two gas circulation pumps were consequently used, which are shown in Fig. 6 . This was not necessary for Column I.
The third pump shown in Fig. 6 served to pump the combined product and waste streams, as a new feed stream, back to the middle of the column. This method of drawing product and waste streams is very suitable for testing column performances and possesses the further advantages that no losses occur and that the total column pressure remains constant, which is only hardly feasible otherwise. All separative power determinations were done under symmetrical take-off conditions. With the arrangement of flowlines and flowmeters used in Column II the effect of the magnitude of the countercurrent on the variation of the separative power with the magnitude of the product stream, could be conveniently studied.
Although the columns were purposely designed for the separation of Ne isotopes, using water as working liquid, Column f was also tested with other liquids (m-xylene and 1,1 -2,2-tetrachloroethane) for the same separation. Column II was not suitable for the use of liquids other than water but was tested for the separation of H2 and D2 . Separation factors for H2 and D2 were also determined in Column 1 with water as working liquid only. The Ne isotopes used were of natural abundance and were obtained from a commercial cylinder. The H2 -D2 mixtures used in both columns were admixed from pure gases when filling the column. The D2 contents of these mixtures were between 3 and 5%. No difficulties due to chemical exchange between Ho and D2 were encountered even after prolonged continuous use of the same mixture in the column.
The flow rates in the columns were measured with calibrated capillary flowmeters containing dibuthylphthalate. Small samples were drawn from the columns for the separation factor determinations. All the samples were mass spectrometrically analysed. The equilibrium times of the columns were only a few hours but samples were mostly taken after about 24 hours of steady operation.
Details Concerning; the Theoretical Analysis of the Experimental Results and a Discussion of Possible Mixing Effects
In order to compare the experimental results ob- Table I .
The only remaining unknown factor needed for a theoretical analysis of the experimental results, by utilising equations (32) to (37), is y2 • This is also the only factor in these equations which is slightly pressure dependent since the product n D01 is about A radial temperature gradient and viscosity variation according to composition gradients could also influence the flow profile and this will inevitably always be inherently associated to real columns.
To facilitate the subsequent discussions Table II was compiled from various data applicable to the experimental conditions of our experiments.
The values of the percentage ratio given in Table   II The viscosity of both water and C2H2C14 at 20 °C is about 1 • 10 -2 poise.
Discussion of the Experimental Results

a) The separation factor determinations at total reflux
The effect of the magnitude of the countercurrent on the separation factor at total reflux has been attains a maximum separation factor, the various curves display apparently contradicting discrepancies from their respective theoretical curves.
In the first instance the results in Fig. 7 indicate that the experimentally measured optimum countercurrent flow rate is larger than the theoretically pre-0 .... Table II , these results were most probably drastically affected. This also explains why the experimentally measured optimum countercurrent flow rates occur at comparatively high flow rates in this set of experiments. The isotope solubilities in these experiments are also considerable (see Table II Table II of these experiments with those of Fig. 7 .
A more reasonable explanation is supposedly that flow mixing effects at higher countercurrent flow rates become more mitigating on the separation at the higher column pressures. As in agreement with the experimental observations the effect of the column pressure on the column efficiencies in these experiments should be less pronounced than that depicted by the results in Fig. 7 .
The rather drastic discrepancies of all the experimental curves in Fig. 9 
Conclusions
According to our results, we are not convinced rates will be required, which may cause quite unsatisfactory separation efficiencies.
